Abstract-Accurate assessment of total body and the distribution of regional adipose tissue is a critical problem emerging in the United States. Using manual segmentation of MRI scanned images is a problem due to the high variation between manual delineations. Manual segmentation also requires highly trained experts with knowledge of anatomy. In this study, we used a specific water saturation sequence and histogram based segmentation method that provides robust delineation results for adipose tissue from whole body MRI scans. Both phantom and human subject studies were performed. Compared with a standard clinical T1-weighted acquisition, our method appears to give superior quantitative results.
I. INTRODUCTION
DIPOSE tissue quantification plays a central role in studying obesity in children and adults. Statistics show that 60% of American adults are either overweight or obese, and the rates are skyrocketing in children and adolescents [1] . Obesity is strongly linked to increased morbidity and mortality [2, 3] . The striking prevalence of metabolic syndrome is directly related to excess visceral adiposity [4] . There is also great interest in studying regional adipose tissue. At present, CT scans provide the best imaging for visceral adipose tissue (VAT), but radiation exposure is prohibitive for screening, especially in children and young women. Therefore multiple CT scans are not a viable approach. The recent development of MRI technology for whole body scans make it an attractive imaging modality for quantification of adipose tissue [5] .
Body composition, particularly the adipose tissue compartment, is central to the study and clinical management of many chronic conditions and diseases. Once considered an inert metabolic fuel storage depot, adipose tissue is today recognized as a dynamic organ complete with endocrine properties, neurological innervations, a highly developed vascular system, stem cells, and important metabolic heterogeneity from site to site. Adipose tissue is currently one of the most studied body components in animals and humans. A. Biological processes associated with adipose tissue effects. Physiological processes such as aging, growth, and development all have important adipose tissue and other component relations now under study in many research laboratories. Rather than a "blanket" concept of fat, discrete adipose tissue compartments with newly discovered functions have been noticed. VAT, with thoracic and abdomi-nopelvic components, includes distinct subdivisions such as pericardial, omental, mesenteric, peri-renal, pararenal, and other depots that are only now being recognized. Intra-muscular adipose tissue, marrow adipose tissue, and mammary adipose tissue are among the many specialized congregations of fat cells now classified by Shen et al. [6] .
B. Pathological processes associated with adipose tissue effects.
While adipose tissue is of implicit interest in health care, the current intense focus in this tissue stems from increasingly recognized medical conditions such as obesity, various disturbances in adipose tissue distribution, including HIV-lipodystrophy, metabolic syndrome, adult onset diabetes, and drug effects (e.g., Cushingoid adiposity secondary to corticosteroids).
C. Obesity.
Park et al. recently reported a striking prevalence of metabolic syndrome in the U.S., directly related to excess visceral adiposity [4] . The obesity epidemic is driving interest in phenotyping humans and animals for adipose tissue mass and distribution and provides one key rationale for this study. Obesity reflects long-term energy imbalance, and translates to increased energy stores as adipose tissue lipids. Also, with increasing body weight most organs in addition to adipose tissue increase in mass and fat content, skeletal muscle, bone, liver, and heart.
Studying obesity in animals and humans requires comprehensive analysis of adipose tissue mass, composition, and distribution. Within humans adipose tissue phenotypes are highly variable and are influenced by diet, exercise level, age, race, and many other factors. Studying a subject over time, particularly with interventions, poses special challenges for adipose tissue and other component analysis. Critical questions surround the biological effects of newly developed drugs and hormones; many clinical trials are underway to explore these effects in vivo and development of integrated specialized imaging is central to important biological endpoints. 
1) Diabetes and Metabolic Syndrome.
Adult onset diabetes has as a central feature insensitivity to the actions of insulin along with excessive adiposity [7, 8] . Upper body obesity is also a risk factor for insulin resistance and diabetes, now often collectively grouped into the "metabolic syndrome". One out of five Americans meets criteria for metabolic syndrome [8] and one notable diagnostic measure is an increased waist circumference reflective of excess VAT.
2) Lipodystrophy. Aberrations in fat distribution have long-been recognized, but now genetic markers and specific molecular mechanisms are recognized [9] . Moreover, treatments for normalizing adipose tissue distribution are available for study. Most importantly, HIV-lipodystrophy is the center of an international effort to elucidate the mechanism of this debilitating condition.
3) Regional adipose tissue is of increasing importance. Not all adipose tissue depots have equivalent metabolic activity; some depots show stronger empirical associations with morbidity and mortality than others. The strongest adipose tissue associations with disease or aberrant physiology exist for intra-abdominal or VAT; deep subcutaneous adipose tissue; intramuscular adipose tissue (i.e., the marbling observed in meat); other compartments, such as abundant subcutaneous adipose tissue, especially that distributed at limbs and hips, pose little health risk [9] [10] [11] . The small VAT compartments (~1-3 kg) are an important depot with respect to physiological derangements and yet the most difficult to accurately quantify.
II. METHODOLOGY

A. 3T clinical T1-weighted MRI Acquisition
A standard T1-weighted 2D FLASH sequence was used on a 3T whole body MR system for routine imaging. Data collected from this scan was compared to the watersaturation sequence used for the current work. First, two sets of images were acquired, one with TE = 1.52ms (inphase) and one with TE = 2.85ms (out-of-phase). A standard parallel imaging technique (GRAPPA, Siemens) was used to reduce the imaging time for maximal spatial coverage.
B. Water Saturation Acquisition for Fat
Since fat is different from water in that it has different Larmor frequencies as shown in equation (1), a sufficiently narrow band RF (radio frequency) pulse can be used to tip water magnetization into the transverse plane and then application of a spoiling gradient pulse can be used to diphase the magnetization. This combination is referred to as a water saturation pulse (Fig. 1) . A conventional slice select RF/gradient pulse combination applied shortly thereafter will tip the residual fat magnetization into the transverse plane. Therefore, the resulting signal measurement will be primarily from fat.
As Fig. 1 shows, a spectrally selective, water saturation pulse (90 o ) was used to first tip all tip water magnetization into the transverse plane. This RF pulse is followed immediately by a spoiler gradient pulse to destroy any potential signal from the water. After that, a spatiallyselective pulse is applied to excite spins that have not been affected by the previous RF pulse (essentially fat since water has been saturated). The water signal is dephased immediately by the spoiling lobe. Depending on the time between the /2 and -pulses, the /2-pulse is usually larger in flip angle to account for water re-growth at the -pulse [12] . A segmented gradient echo approach was used, in which multiple phase encoding lines were acquired for each water-saturation RF-pulse. Fig. 1 The RF pulsed used for imaging adipose tissues.
In the equation (1), the suffix w stands for water, f for fat, fw is the chemical shift between water and fat. Most fat in human body has , which leads to a frequency shift of 428 Hz at 3T machine instead of 214 Hz at 1.5T system. 
C. Phantom
In order to study the effectiveness of the proposed acquisition method in our 3T MR system before human subject experiments, we carried out a phantom study on fresh pig meat, shown in Fig. 2 . Slice thickness is 5mm; pixel spacing is 1.46mm by 1. 
D. Human Subjects
Two healthy volunteers (one female, one male) underwent 3T MR whole-body imaging for determination of fat distribution and quantification. Participants were informed in detail about the experimental procedures and gave written consent. MR examinations were performed on a 3T wholebody imager (Trio with TIM, Siemens); both regular clinical sequence and the water saturation sequence described above were applied. For the water saturation measurement, slice thickness was 5mm; pixel spacing was 1.56mm by 1.56mm. Echo time (TE) was 1.52ms, and the repetition time (TR) was 164ms.
E. Histogram Based Threshold
Our strategy for developing an adipose specific protocol was to reduce the complexity of the segmentation problem to the degree that simple methods could be applied successfully. We compared the results after applying a histogram based threshold method on human subject's data. As shown in Fig. 3 , the valley in the water saturation histogram is a reasonable threshold value to find the fat component in the image; however, in the clinical in-phase or out-phase image histogram, the valley will not yield a suitable threshold value. Furthermore, in the clinical inphase and out-phase images, the threshold method failed to segment fat from other tissues in the sense that some areas were over-segmented, while, at the same time, some areas had been under-estimated.
This clearly showed the superiority of the water saturation method in classifying fat and other tissues. 
III. RESULTS
In Fig. 4 , which shows a slice in the abdomen area in a male human subject, we can see that although there is an inhomogeneity factor caused by the coils, the water saturation method gave very promising results in segmenting fat from other tissues and organs. In comparison, clinical inphase and clinical out-of-phase acquisition could not provide consistent intensity values within fat because oversegmentation and under-segmentation appeared when the same threshold method was applied.
IV. CONCLUSIONS
The study of body fat distribution of regional adipose tissue is becoming more important in the clinical screening of disease. Instead of manually segmenting fat from other tissues, an effective water saturation acquisition method and a relatively simple histogram based segmentation method has been put forward, which provides robust delineation of adipose tissue from whole body MRI scans. Both phantom and human subjects were studied. Compared with a standard clinical 3T T1-weighted acquisition protocol, our method gave superior results and suggests a promising new protocol suitable for screening patients of all ages. 
